Introduction
The emergence of novel cross-coupling effects generated by multiple order parameters in a wide range of materials has provided great insights into the interactions that occur in condensed matter systems 1, 2 . Prominent examples are magnetoelectric and multiferroic materials where the cross-coupling between electric and magnetic properties has driven intense research to explore fundamental mechanisms responsible for the intrinsic magnetoelectric effects [3] [4] [5] [6] [7] [8] [9] . The primary focus of research activity in this field has on the emergence of ferroelectricity from different types of exotic magnetic orders and its dependence on applied magnetic fields. Some studies have also the potential of these materials in applications such as magnetoelectric memory and sensors by engineering their cross-coupling effects [10] [11] [12] [13] . Despite the fact that quite a few magnetoelectric or multiferroic materials are known to us, most of them do not feature substantial coupling between structural distortions and magnetic order. Hence, new materials with stronger magnetoelectric coupling are needed for enhancing the feasibility of utilizing their functionalities in device applications.
Materials composed of two dimensional honeycomb lattices have been investigated due to possible occurrence of intriguing physical phenomena such as quantum spin liquid state [14] [15] [16] and electronic state with Dirac-like linear dispersion [17] [18] [19] , and so on. The hexagonal antiferromagnet of Co4Nb2O9, which crystallizes in a trigonal P3 c1 structure with two different types of honeycomb layers stacked alternately along the c axis, has recently been in focus for its linear magnetoelectric behavior 6, 7, [20] [21] [22] . In the single crystalline Co4Nb2O9, grown by a floating zone method 23 , antiferromagnetic order sets in below TN ≈ 27 K where the Co 2+ moments are aligned approximately along the [ 1 10] direction. Below TN, a linear magnetoelectric effect is observed [24] [25] [26] . In this state, an electric polarization appears upon application of an external magnetic field and its magnitude increases linearly with increasing field strength. The measurement of magnetoelectric properties along different crystallographic axes reveals the elements of the magnetoelectric tensor, which is explained by a magnetic structure with lowered symmetry C2/c′ 21 . Particularly, the presence of offdiagonal elements in the magnetoelectric tensor suggests the formation of toroidal moments [27] [28] [29] .
Further studies of the magnetoelectric effect in honeycomb lattices were done on the isostructural compound Co4Ta2O9 (CTO) 6, 30, 31 . In CTO, the antiferromagnetic order emerges at TN ≈ 20 K, simultaneously with the appearance of a dielectric anomaly and a ferroelectric polarization in applied magnetic fields. It had been believed that below TN, the ferroelectric polarization in CTO increases monotonously under increasing applied magnetic fields, similar to that in Co4Nb2O9 [20] [21] [22] . However, these studies were performed only on polycrystalline samples, in which the physical properties are averaged out over all spatial directions due to a large number of grains of varying orientations. To overcome this challenge, we grew single crystals of CTO by utilizing the conventional flux method 32 to investigate the magnetic and magnetoelectric properties associated with collinear antiferromagnetic order on honeycomb lattices. The single crystalline CTO, in contrast to polycrystalline samples, reveals strongly nonlinear magnetoelectric effect that suggests the existence of two different polarization components originating from inequivalent Co 2+ sublattices. This suggests that CTO possesses magnetoelectric characteristics which are distinct among A4B2O9 (A = Co, Fe, Mn and B = Nb, Ta) compounds 20, 30, [33] [34] [35] [36] .
Results and Discussion
CTO crystallizes in a centrosymmetric trigonal P3 c1 structure with unit cell dimensions of a (Fig. 1(d) ). Above TN, the χ for the two in-plane orientations decrease smoothly with T with nearly identical shapes. On the other hand, a weak anomaly at TN is the magnetic moment at 9 T is found to be ~3.7 B/f.u., which is slightly smaller than that of the M[ 1 10] . For an applied field along both [110] and [110] , the spin-flop transition occurs at HC ≈ 0.3 T, which manifests as the change in slope shown in the magnified plot of the M[ 1 10] ( Fig. 2(b) ). Note that this result is different from the previous results on polycrystalline samples where the spin-flop transition occurs at a higher H of ~0.9 T, indicating the averaging effect over grain orientations 31 . The M[001] increases almost linearly up to 9 T resulting in a magnetic moment of ~2.1 B/f.u. at 9 T, consistent with the strong magnetic anisotropy observed in the T dependence of anisotropic χ ( Fig. 1(c) ). T and 2 K (Fig. 3(e) ). [110] at 9 T exhibits a very sharp peak at 20.02 K with a 2.8% change in its magnitude (at the peak maximum). The sharpness of the peak at 9 T, characterized by the full width at half maximum (FWHM), is found to be only 0.08 K, which is smaller compared to the FWHM (~0.5 K) obtained from polycrystalline samples 30, 31 . As H is decreased, the peak of ε' [110] shifts progressively to higher T with a gradual reduction of the peak height (Fig. 4(b) ) and almost disappears at 4 T. At 5 T, a tiny peak in ε' [110] , with only 0.27 % change in the overall magnitude, occurs at 20.37 K.
The nonlinear behavior of P and the intricate relationship between magnetic and ferroelectric properties were examined in detail by comparing the H dependence of P, M, and ε' at 2 K. 1 10] and becomes zero at 6.3 T. As H[ 1 10] is decreased further, the P[110] shows a broad minimum at 3. (Fig. 6(b) (Fig. 5(a) These results provide vital insights into fundamental magnetoelectric interactions, paving way for the discovery of novel materials for magnetoelectric functional applications.
Methods
Hexagonal plate-like single crystals of CTO were grown by the conventional flux method with NaF, Na2CO3, and V2O5 fluxes in air 32 . Co3O4, and Ta2O5 powders were mixed in the stoichiometric ratio and ground in a mortar, followed by pelletizing and calcining at 900 °C for 10 h in a box furnace. The calcined pellet was finely reground and sintered at 1000 °C for 15 h. After regrinding, the same sintering procedure was carried out at 1100 °C for 24 h. A mixture of pre-sintered polycrystalline powder and fluxes was heated to 1280 °C in a Pt crucible. It was melted at the soaking T, slowly cooled to 800 °C at a rate of 1 °C/h, and cooled to room T at a rate of 100 °C/h.
The T and H dependences of the DC M were measured using a vibrating sample magnetometer at T = 2-300 K and H = -9-9 T in a physical properties measurement system (PPMS, Quantum Design, Inc.). The C was measured with the standard relaxation method in the PPMS. The T dependence of the AC M with various frequencies was obtained in a magnetic properties measurement system (Quantum Design, Inc.). The T and H dependences of ' were observed at f = 100 kHz using an LCR meter (E4980, Agilent). The T and H dependences of electric polarization (P) was obtained by integrating pyro-and magnetoelectric currents, respectively, measured after poling in a static electric field. (phylove@yonsei.ac.kr)
Figures and

S1. Single-crystal X-ray diffraction
Crystal, which is suitable for single-crystal X-ray diffraction, was selected under high viscosity oil, and mounted with some grease on a loop made of Kapton foil (Micromounts™, MiTeGen, Ithaca, NY). Diffraction data were collected at 298 K with a SMART APEXII CCD X-ray diffractometer (Bruker AXS, Karlsruhe, Germany), using graphitemonochromated MoKα radiation. The reflection intensities were integrated with the SAINT subprogram in the Bruker Suite software 1 , a multi-scan absorption correction was applied, using SADABS 2 . The structure was solved by direct methods and refined by full-matrix leastsquare fitting with the SHELXTL software package 3, 4 . Crystal data and data collection details are given in Table S1 , atomic coordinates in Table S2 . Further details of the crystal structure investigation may be obtained from the Fachinformationzentrum Karlsruhe, D-76344
Eggenstein-Leopoldshafen, Germany, on quoting the depository number (http://www.fizkarlsruhe.de/), see Table S1 .
S2
. AC magnetic susceptibility of Co 4 Ta 2 O 9 at H [ 10] Figure S1 
S3. Temperature evolution of polarization (P [110] ) and isothermal magnetization (M [ 10] )
in H [ 10] The T evolution of strongly nonlinear magnetoelectric effect in Co4Ta2O9 was examined by Fig. S2(a) ) and the M[ 1 10] at 9 T also decreases to ~3.72 μB/f.u. (Fig. S2(e) S2(b) ). However, the maximum value of P[110] = 58.9 μC/m 2 at 9 T is found to be the largest despite the slight decrease of M[ 1 10] (~3.64 μB/f.u., Fig. S2(f) ). At 15 K, the regime of nearly zero P[110] extends up to ±3.0 T with the absence of the broad minimum (Fig. S2(c) ). At 20 K, the P[110] almost disappears ( Fig. S2(d) ) throughout the measurement region of H[ 1 10] while the M[ 1 10] shows a linear increase upon increasing H[ 1 10] and finally becomes ~3.50 μB/f.u. at 9 T (Fig. S2(h) ). 
